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tially all of the saponifiable material in a soapstock to salts
of fatty acids (soaps) and acidulating the soaps to generate
free fatty acids and/or fatty acid derivatives, e.g. fatty acid
alkyl esters, wherein the soapstock comprises soaps and
saponifiable lipids, e.g. glycerides and/or phospholipids, and
the generating of free fatty acids and/or fatty acid is achieved
without the use of a mineral acid.
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1
COMPLETE SAPONIFICATION AND
ACIDULATION OF NATURAL OIL
PROCESSING BYPRODUCTS AND
TREATMENT OF REACTION PRODUCTS

PRIORITY APPLICATION DATA

This application is a national phase application claiming
benefit of priority under 35 U.S.C. § 371 to International
(PCT) Patent Application serial number PCT/US2016/
23322, filed Mar. 19, 2016, which claims benefit of priority
to U.S. provisional patent application Ser. No. 62/245,468,
filed Oct. 23, 2015; and U.S. Ser. No. 62/135,483, filed Mar.
19, 2015. The aforementioned applications are expressly
incorporated herein by reference in their entirety and for all
purposes.

FIELD OF THE INVENTION

The present invention generally provides a process for
treating a soapstock. The present invention more particularly
provides systems and methods for treating a soapstock to
generate free fatty acids and/or fatty acid derivatives, e.g.
fatty acid alkyl esters. The present invention more particu-
larly provides systems and methods for realizing the full
fatty acid yield of a soapstock by first converting substan-
tially all of the saponifiable material in a soapstock to salts
of fatty acids (soaps) and acidulating the soaps to generate
free fatty acids and/or fatty acid derivatives, e.g. fatty acid
alkyl esters, wherein the soapstock comprises soaps, saponi-
fiable lipids, e.g. glycerides and/or phospholipids, and the
generating of free fatty acids and/or fatty acid is achieved
without the use of a mineral acid.

BACKGROUND OF THE INVENTION

Crude (unrefined) Animal and vegetable oils (referred to
herein collectively as “natural oils”) are typically subjected
to a variety of processing steps to remove specific undesir-
able components of the crude oil prior to sale. The type,
number, and sequencing of processing steps can vary
depending on the crude oil feedstock, refinery type (e.g.
physical vs. alkaline) and configuration, target product mar-
kets, and the like. In general, crude natural oils are refined
to remove excess quantities of “gums” (comprised primarily
of phospholipids), free fatty acids, as well as various col-
oring components and volatile compounds.

Once removed from the crude oil, the refining byproducts
are either sold directly into low-value markets such as
animal feed, or further processed into higher-value products.
Two major byproducts of the chemical refining processes of
natural oils are soapstock and gums.

In most natural oil refineries utilizing the chemical refin-
ing process, phosphoric acid or an equivalent acid is added
to the crude oil to increase the solubility of the phospholipids
(gums) in water. Next, a strong base, typically sodium
hydroxide (NaOH) is added, reacting with the free fatty
acids in the oil to form soaps (salts of free fatty acids). Water
is then added to the oil to remove the soaps and solubilized
gums. Soapstock is typically acidulated to generate free fatty
acids. Gums are typically sold into low-value animal feed
markets or upgraded to food-grade emulsifiers, e.g. lecithin.

In most chemical refining configurations, additional waste
streams are generated which represent low- or negative-
value byproducts. For example, it typically necessary to
perform an additional water wash on the oil after the
majority of the gums and soaps have been removed. The
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lipid content of this washwater (referred to as Soapstock
Makeup) can contain from about 5% to about 20% soaps and
other lipids, but the lipid content is generally not sufficiently
high to justify the costs of further processing into value
added products. In addition, all of the above referenced
byproduct streams from the chemical refining process con-
tain various amounts of saponifiable material that are not
converted to free fatty acids.

Nothing in the prior art provides the benefits attendant
with the present invention. Therefore, it is an object of the
present invention to provide an improvement which over-
comes the inadequacies of the prior art methods and devices
and which is a significant contribution to the advancement to
realizing the full fatty acid yield of saponifiable material.

Another object of the present invention is to provide a
method for generating free fatty acids from a mixed lipid
feedstock, the method comprising: providing the mixed lipid
feedstock; combining the mixed lipid feedstock with a base
to form a mixture; allowing the mixture to react in a reaction
vessel; introducing carbon dioxide into the reacted mixture
in the reaction vessel to form a first carbonic acid within the
reaction vessel, mixing the first carbonic acid and the
reacted mixture within the reaction vessel; allowing the first
carbonic acid and reacted mixture to settle within the
reaction vessel; and draining a first aqueous layer from the
reaction vessel.

Yet another object of the present invention is to provide a
method for generating free fatty acids from a mixed lipid
feedstock, the method comprising: providing the mixed lipid
feedstock; combining the mixed lipid feedstock with a base
to form a mixture; allowing the mixture to react in a reaction
vessel; introducing carbon dioxide into the reacted mixture
in the reaction vessel to form a first carbonic acid within the
reaction vessel, mixing the first carbonic acid and the
reacted mixture within the reaction vessel; allowing the first
carbonic acid and reacted mixture to settle within the
reaction vessel; draining a first aqueous layer from the
reaction vessel; collecting the first aqueous layer; and treat-
ing the collected first aqueous layer with calcium oxides,
magnesium oxides, barium oxides, or other polyvalent
oxides.

Still yet another object of the present invention is to
provide a method for generating free fatty acids from a
mixed lipid feedstock, the method comprising: providing the
mixed lipid feedstock; combining the mixed lipid feedstock
with a base to form a first mixture; allowing the first mixture
to react in a reaction vessel; combining the reacted first
mixture with an organic or inorganic acid, thereby acidulat-
ing soaps in the first mixture to generate free fatty acids;
draining a first aqueous layer from the reaction vessel;
combining the generated free fatty acids with an alcohol to
form a second mixture; and heating and pressurizing the
second mixture to above the critical temperature and pres-
sure of the alcohol, thereby esterifying substantially all of
the free fatty acids to generate fatty acid alkyl esters.

Another object of the present invention is to provide a
method for generating free fatty acids from a mixed lipid
feedstock, the method comprising: a) providing the mixed
lipid feedstock; b) combining the mixed lipid feedstock with
a base to form a first mixture; ¢) allowing the first mixture
to react in a reaction vessel; d) introducing carbon dioxide
into the reacted mixture in the reaction vessel to form a first
carbonic acid within the reaction vessel; e) mixing the first
carbonic acid and the reacted mixture within the reaction
vessel; ) allowing the first carbonic acid and reacted mix-
ture to settle within the reaction vessel; g) draining a first
aqueous layer from the reaction vessel; h) removing a
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generated lipid layer from the reaction vessel; and 1) repeat-
ing steps a) through h) above up to 8 times using the
generated lipid layer from the reaction vessel as the mixed
lipid feedstock for step a).

Yet another object of the present invention is to provide a
method for generating an animal feed additive from a mixed
lipid feedstock, the method comprising: providing the mixed
lipid feedstock; combining the mixed lipid feedstock with a
base to form a mixture; allowing the mixture to react in a
reaction vessel; introducing carbon dioxide into the reacted
mixture in the reaction vessel to form a first carbonic acid
within the reaction vessel; mixing the first carbonic acid and
the reacted mixture within the reaction vessel; allowing the
first carbonic acid and reacted mixture to settle within the
reaction vessel; draining a first aqueous layer from the
reaction vessel; and concentrating the first aqueous layer to
generate a sodium bicarbonate product that is substantially
free of any water.

The foregoing has outlined some of the pertinent objects
of the present invention. These objects should be construed
to be merely illustrative of some of the more prominent
features and applications of the intended invention. Many
other beneficial results can be attained by applying the
disclosed invention in a different manner or modifying the
invention within the scope of the disclosure. Accordingly,
other objects and a fuller understanding of the invention may
be had by referring to the summary of the invention and the
detailed description of the preferred embodiment in addition
to the scope of the invention defined by the claims taken in
conjunction with the accompanying drawings.

SUMMARY OF THE INVENTION

The present invention provides a process for treating a
soapstock. The present invention more particularly provides
systems and methods for treating a soapstock to generate
free fatty acids and/or fatty acid derivatives, e.g. fatty acid
alkyl esters. The present invention more particularly pro-
vides systems and methods for realizing the full fatty acid
yield of a soapstock by first converting substantially all of
the saponifiable material in a soapstock to salts of fatty acids
(soaps) and acidulating the soaps to generate free fatty acids
and/or fatty acid derivatives, e.g. fatty acid alkyl esters,
wherein the soapstock comprises soaps and saponifiable
lipids, e.g. glycerides and/or phospholipids, and the gener-
ating of free fatty acids and/or fatty acid is achieved without
the use of a mineral acid.

A feature of the present invention is to provide a method
for generating free fatty acids from a mixed lipid feedstock.
The method comprising the following steps as described
herein. The mixed lipid feedstock is provided. The mixed
lipid feedstock is combined with a base to form a first
mixture. The first mixture is allowed to react. Carbon
dioxide is introduced into the reacted mixture in the reaction
vessel to form a first carbonic acid within the reaction vessel.
The first carbonic acid is mixed with the reacted mixture
within the reaction vessel. The first carbonic acid and
reacted mixture are allowed to settle within the reaction
vessel. A first aqueous layer is drained from the reaction
vessel, thereby acidulating soaps in the first mixture to
generate free fatty acids. The method can further comprise
the following steps as described herein. The first aqueous
layer can be filtered using a size exclusion filtration system.
The filtering step can further comprise a filter having a
membrane having a plurality of pores wherein the pores
allow soaps and phosphates to pass through the membrane
of the filter. The filtering step can further comprise a filter
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having a membrane wherein the membrane allows particles
having a molecular weight less than the molecular weight of
a salt to pass through the filter. The filtering step can further
comprise maintaining a pH of the first aqueous layer
between about 6 and 11. The filtering step can further
comprise maintaining a pressure of the first aqueous layer
between about 50 and 800 psi. The filtering step can further
comprise maintaining a temperature of the first aqueous
layer between about 23 and 100° C. The method can further
comprise an electrolysis step wherein a lipid phase com-
prising a small amount of unreacted soaps is transferred to
an electrolysis unit wherein the unreacted soaps in the lipid
phase are reacted with an anolyte to generate free fatty acids.
The method can further comprise concentrating the first
aqueous layer from each step. The concentration step can
further comprise maintaining a pH of the first aqueous layer
between about 6 and 11. The concentration step can further
comprise maintaining a pressure of the first aqueous layer
between about 0 and 800 psi. The concentration step can
further comprise maintaining a temperature of the first
aqueous layer between about 23 and 100° C. The method
can further comprise combining generated free fatty acids
with an alcohol to form a second mixture; and heating and
pressurizing the second mixture to above the critical tem-
perature and pressure of the alcohol, thereby esterifying
substantially all of the free fatty acids to generate fatty acid
alkyl esters. The method can further comprise combining
generated free fatty acids with an alcohol to form a second
mixture; and reacting the second mixture to form a fatty
alkyl ester. The method can further comprise using a catalyst
to cause the reaction of the mixed lipid feedstock with the
base. The catalyst can be an acid catalyst. The method can
further comprise removing generated free fatty acids from
neutral lipids; and reacting the neutral lipids to form a fatty
alkyl ester. The method can further comprise using a catalyst
to cause the reaction of the neutral lipids. The catalyst can
be a base catalyst. The method can further comprise an
electrolysis step wherein a lipid phase comprising a small
amount of unreacted soaps is transferred to an electrolysis
unit wherein the unreacted soaps in the lipid phase are
reacted with an anolyte to generate free fatty acids. The
carbon dioxide can be introduced as a gaseous flow of
carbon dioxide into the reaction vessel. The carbon dioxide
can be introduced as a gaseous flow of carbon dioxide into
water and wherein the water is introduced to the reaction
vessel. The generated free fatty acids can be separated,
isolated, or purified into separate fractions. The mixed lipid
feedstock can be selected from the group consisting of a
soapstock, a washwater comprising soaps, and a combina-
tion thereof as generated during the chemical refining of a
crude natural oil. The mixed lipid feedstock can be a tall oil
soapstock. The crude natural oil can be a vegetable oil. The
vegetable o0il can be selected from the group consisting of
soybean oil, canola oil, rapeseed oil, corn oil, rice oil,
sunflower oil, peanut oil, sesame oil, palm oil, algae oil,
jatropha oil, castor oil, safflower oil, grape seed oil, and any
combination of vegetable oils. The mixed lipid feedstock
can further comprise: water, soaps, phospholipids, saponi-
fiable material, and unsaponifiable material. The organic
acid can be carbonic acid. The carbonic acid can be gener-
ated by adding carbon dioxide to the saponification product
mixture, thereby causing the carbon dioxide to react with the
water in the saponification product mixture to form carbonic
acid.

Another feature of the present invention is to provide a
method for generating free fatty acids from a mixed lipid
feedstock. The method comprising the following steps as
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described herein. The mixed lipid feedstock is provided. The
mixed lipid feedstock is combined with a base to form a
mixture. The mixture is allowed to react in a reaction vessel.
Carbon dioxide is introduced into the reacted mixture in the
reaction vessel to form a first carbonic acid within the
reaction vessel. The first carbonic acid is mixed with the
reacted mixture within the reaction vessel. The first carbonic
acid and reacted mixture is allowed to settle within the
reaction vessel. A first aqueous layer is drained from the
reaction vessel. The collected first aqueous layer is treated
with calcium oxides, magnesium oxides, barium oxides, or
other polyvalent oxides. The method can further comprise
the following steps as described herein. The treated collected
first aqueous layer can be oxidized. The method can further
comprise an electrolysis step wherein a lipid phase com-
prising a small amount of unreacted soaps is transferred to
an electrolysis unit wherein the unreacted soaps in the lipid
phase are reacted with an anolyte to generate free fatty acids.

Yet another feature of the present invention is to provide
a method for generating free fatty acids from a mixed lipid
feedstock. The method comprising the following steps as
described herein. The mixed lipid feedstock is provided. The
mixed lipid feedstock is combined with a base to form a
mixture. The mixture is allowed to react in a reaction vessel.
The reacted first mixture is combined with an organic or
inorganic acid, thereby acidulating soaps in the first mixture
to generate free fatty acids. The generated free fatty acids are
combined with an alcohol to form a second mixture. The
second mixture is heated and pressurized to above the
critical temperature and pressure of the alcohol, thereby
esterifying substantially all of the free fatty acids to generate
fatty acid alkyl esters. The method can further comprise the
following steps as described herein. The method can further
comprise an electrolysis step wherein a lipid phase com-
prising a small amount of unreacted soaps is transferred to
an electrolysis unit wherein the unreacted soaps in the lipid
phase are reacted with an anolyte to generate free fatty acids.

The organic acid can be a carbonic acid. The carbonic acid
can be generated by adding carbon dioxide to the saponifi-
cation product mixture, thereby causing the carbon dioxide
to react with the water in the saponification product mixture
to form a first carbonic acid. The carbon dioxide can be
introduced as a gaseous flow of carbon dioxide into the
reaction vessel. Carbon dioxide can be introduced into the
reacted mixture in the reaction vessel to form a second
carbonic acid within the reaction vessel. The second car-
bonic acid can be mixed with the reacted mixture within the
reaction vessel. The second carbonic acid and reacted mix-
ture can be allowed to settle within the reaction vessel. A
second aqueous layer can be drained from the reaction
vessel. Carbon dioxide can be introduced into the reacted
mixture in the reaction vessel to form a third carbonic acid
within the reaction vessel. The third carbonic acid can be
mixed with the reacted mixture within the reaction vessel.
The third carbonic acid and reacted mixture can be allowed
to settle within the reaction vessel. A third aqueous layer can
be drained from the reaction vessel. Hexane can be added to
the reacted mixture in the reaction vessel after the draining
of the third aqueous layer. Carbon dioxide can be introduced
into the reacted mixture in the reaction vessel to form a
fourth carbonic acid within the reaction vessel. The fourth
carbonic acid can be mixed with the reacted mixture within
the reaction vessel. The fourth carbonic acid and reacted
mixture can be allowed to settle within the reaction vessel.
A fourth aqueous layer can be drained from the reaction
vessel.
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Still yet another feature of the present invention is to
provide a method for generating free fatty acids from a
castor oil. The method comprising the following steps as
described herein. The castor oil is provided. The castor oil
is combined with a base to form a mixture. The mixture is
allowed to react in a reaction vessel. Carbon dioxide is
introduced into the reacted mixture in the reaction vessel to
form a first carbonic acid within the reaction vessel. The first
carbonic acid and the reacted mixture are mixed within the
reaction vessel. The first carbonic acid and reacted mixture
is allowed to settle within the reaction vessel. A first aqueous
layer is drained from the reaction vessel. The method can
further comprise the following steps as described herein.
The carbon dioxide can be introduced as a gaseous flow of
carbon dioxide into the reaction vessel. Carbon dioxide can
be introduced into the reacted mixture in the reaction vessel
to form a second carbonic acid within the reaction vessel.
The second carbonic acid can be mixed with the reacted
mixture within the reaction vessel. The second carbonic acid
and reacted mixture can be allowed to settle within the
reaction vessel. A second aqueous layer can be drained from
the reaction vessel. Carbon dioxide can be introduced into
the reacted mixture in the reaction vessel to form a third
carbonic acid within the reaction vessel. The third carbonic
acid can be mixed with the reacted mixture within the
reaction vessel. The third carbonic acid and reacted mixture
can be allowed to settle within the reaction vessel. A third
aqueous layer can be drained from the reaction vessel.
Hexane can be added to the reacted mixture in the reaction
vessel after the draining of the third aqueous layer. Carbon
dioxide can be introduced into the reacted mixture in the
reaction vessel to form a fourth carbonic acid within the
reaction vessel. The fourth carbonic acid can be mixed with
the reacted mixture within the reaction vessel. The fourth
carbonic acid and reacted mixture can be allowed to settle
within the reaction vessel. A fourth aqueous layer can be
drained from the reaction vessel.

Another feature of the present invention is to provide a
method for generating free fatty acids from a mixed lipid
feedstock. The method comprising the following steps as
described herein. The mixed lipid feedstock is provided as
step a). The mixed lipid feedstock is combined with a base
to form a mixture as step b). The mixture is allowed to react
in a reaction vessel as step ¢). Carbon dioxide is introduced
into the reacted mixture in the reaction vessel to form a first
carbonic acid within the reaction vessel as step d). The first
carbonic acid is mixed with the reacted mixture within the
reaction vessel as step e). The first carbonic acid and reacted
mixture is allowed to settle within the reaction vessel as step
). A first aqueous layer is drained from the reaction vessel
as step g). A generated lipid layer is removed from the
reaction vessel as step h). Steps a) through h) are repeated
above up to 8 times using the generated lipid layer from the
reaction vessel as the mixed lipid feedstock for step a). The
method can further comprise adding a salt to the generated
lipid layer prior to any of the reactions. The salt can be
sodium chloride. The method can further comprise adding
sodium bisulfate to the generated lipid layer produced in any
of the one or more reactions.

Yet another feature of the present invention is to provide
a method for generating an animal feed additive from a
mixed lipid feedstock. The method comprising the following
steps as described herein. The mixed lipid feedstock is
provided. The mixed lipid feedstock is combined with a base
to form a first mixture. The first mixture is allowed to react.
Carbon dioxide is introduced into the reacted mixture in the
reaction vessel to form a first carbonic acid within the
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reaction vessel. The first carbonic acid is mixed with the
reacted mixture within the reaction vessel. The first carbonic
acid and reacted mixture are allowed to settle within the
reaction vessel. A first aqueous layer is drained from the
reaction vessel. The first aqueous layer is concentrated to
generate a sodium bicarbonate product that is substantially
free of any water, thereby generating an animal feed addi-
tive. The concentration step can further comprise using
evaporation, fluidized bed drying, rotary drum drying,
lyophilization, spray drying and reverse osmosis.

The foregoing has outlined rather broadly the more per-
tinent and important features of the present invention in
order that the detailed description of the invention that
follows may be better understood so that the present con-
tribution to the art can be more fully appreciated. Additional
features of the invention will be described hereinafter which
form the subject of the claims of the invention. It should be
appreciated by those skilled in the art that the conception and
the specific embodiment disclosed may be readily utilized as
a basis for modifying or designing other structures for
carrying out the same purposes of the present invention. It
should also be realized by those skilled in the art that such
equivalent constructions do not depart from the spirit and
scope of the invention as set forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow diagram of an exemplary method of the
invention comprising generating free fatty acids and, option-
ally, fatty acid alkyl esters from a mixed lipid feedstock
comprising soaps, saponifiable material or equivalents
thereof.

Reference will now be made in detail to various exem-
plary embodiments of the invention. The following detailed
description is provided to give the reader a better under-
standing of certain details of aspects and embodiments of the
invention, and should not be interpreted as a limitation on
the scope of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

In alternative embodiments, the invention provides pro-
cesses for the preparation of fatty acids and optionally fatty
acid derivatives, e.g. fatty acid alky] esters, from mixed lipid
feedstocks comprising saponifiable material, including
byproduct streams of natural oil processing e.g. soapstocks,
gums, or mixtures thereof. In alternative embodiments, the
feedstock comprises soapstock obtained from the alkaline
neutralization of a crude natural oil. In alternative embodi-
ments, the feedstock comprises the gums product (compris-
ing primarily phospholipids) generated during the degum-
ming of a natural oil. In alternative embodiments, the
feedstock comprises a mixture of product streams generated
during the processing of crude natural oil and comprises
soaps as well as saponifiable lipids, e.g. phospholipids
glycerides, e.g. mono-, di-, and/or triglycerides, or any
combination thereof. In alternative embodiments, processes
of the invention are more economical and efficient than
currently used approaches for the treatment of natural oil
processing byproducts e.g. soapstocks and gums, to generate
fatty acids, fatty acid derivatives, or other value-added
products.

In alternative embodiments, a mixed lipid feedstock, e.g.
a soapstock comprising soaps as well as saponifiable mate-
rial (e.g. glycerides and/or phospholipids) is reacted with a
base in a first saponification step to convert the saponifiable
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material to soaps (salts of fatty acids), thereby generating a
product in which substantially all of the saponifiable mate-
rial is converted to soaps. The soaps present in the product
stream generated in the foregoing saponification step are
then separated and reacted with an acid in a second acidu-
lation step of the process in which substantially all of the
soaps are acidulated to form free fatty acids (i.e. fatty acids
with no ester moiety) and a salt, e.g. sodium bicarbonate if
sodium hydroxide is the selected base used in the saponifi-
cation step. Optionally, the free fatty acids are reacted with
a supercritical alcohol in a third step of the process to
generate fatty acid alkyl esters.

Crude (unrefined) natural oils, including plant- and ani-
mal-derived oils, are comprised primarily of triacylglycerols
(i.e. triglycerides), as well as smaller portions of various
lipids including mono- and diacyleglycerols, (i.e. mono-
glycerides and di-glycerides, respectively), free fatty acids,
phospholipids, waxes, and other non-lipid components
including, for example, ketones, aldehydes, and hydrocar-
bons. Prior to sale for human consumption or for further
processing, a crude natural oil is usually refined to remove
the majority of the non-triglyceride components. The major-
ity of natural oils are refined using the chemical refining
process. In the first stage of the chemical refining process,
referred to as “degumming”, crude oils are first washed with
water to remove the hydratable phospholipids (gums). The
resulting product stream separated from the oil during the
degumming step is referred to as “gums.” Second, the
degummed oils are subjected to a neutralization step in
which the degummed oil is treated with a strong base, e.g.
sodium hydroxide. During the neutralization step, free fatty
acids present in the oil react with the base to form soaps
(salts of fatty acids). In some refineries, there is an additional
processing step between the degumming and neutralization
step in which a small amount of a mineral acid, e.g.
phosphoric acid or citric acid) is added to the degummed oil
to convert any non-hydratable phospholipids into hydrated
phospholipids. After the neutralization step, the oil is
washed to remove the soaps and, if the oil was treated with
a mineral acid, the hydrated phospholipids. The resulting
product stream separated from the oil during the neutraliza-
tion step is referred to as “soapstock.” If the oil is to be sold
for human consumption, the degummed, neutralized oil is
then subjected to further processing including, e.g. bleach-
ing and deodorization steps.

Depending on the configuration of the refinery, soapstock
and gums are either stored separately or combined into a
single storage container. When referred to herein, a “mixed
lipid feedstock” refers to any material or composition com-
prising soaps as well saponifiable material, i.e. lipids
capable of reacting to produce soaps (salts of fatty acids).
Saponifiable material in the mixed lipid feedstock can
include, without limitation, glycerides, e.g. mono-glycer-
ides, di-glycerides, or triglycerides, or a combination
thereof, and/or phospholipids. In alternative embodiments,
the mixed lipid feedstock is a soapstock. In alternative
embodiments, the mixed lipid feedstock comprises soaps
and saponifiable lipids e.g. glycerides and/or phospholipids.
In alternative embodiments, the mixed lipid feedstock is a
mixture of soapstocks, comprising soaps, saponifiable mate-
rial, e.g. glycerides and/or phospholipids, obtained during
the processing of a natural oil. In alternative embodiments,
the mixed lipid feedstock is a soapstock washwater obtained
from the processing of a crude natural oil following the
neutralization step in the chemical refining process. In such
embodiments, the washwater can comprise water and soap-
stock, wherein the soapstock comprises soaps, glycerides,
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phospholipids, free fatty acids, and unsaponifiable material
e.g. waxes and/or sterols. In alternative embodiments, the
soapstock washwater can comprise between about 1% soap-
stock to about 90% soapstock, e.g. between about 2% and
80% soapstock, about 3% and 70% soapstock, about 4% and
about 60% soapstock, about 5% and about 50% soapstock,
about 6% and about 40% soapstock, about 7% and about
30% soapstock, about 8% and about 20% soapstock, about
9% and about 15% soapstock, or between about 20% and
about 12% soapstock, the remaining portion of the soap-
stock washwater comprising water. The composition of the
soapstock used as a mixed lipid feedstock in accordance
with the present invention can vary depending on the crude
natural oil from which it was derived. Table 1 shows the
composition of various soapstocks as described in U.S. Pat.
No. 4,118,407.

TABLE 1

Composition of soapstocks from the refining of various natural oils
Composition Soybean  Cottonseed Coconut Palm Kernel Palm
Water 57.3 58.6 66.8 57.8 66.4
Neutral Oil 14.6 13.0 174 26.2 8.4
FFA 146 0.94 0.55 0.24 1.25
Unsaponifiable 1.1 14 0.85 0.38 0.2
Soap 14.2 17.5 144 14.2 23.8
Phosphatide 11.34 8.56 0 0 0
Phosphorus 0.8 0.38 0.16 0 0
Total FFA 23.7 27.6 27.3 38.1 21.9
pH 9.5 9.5 9.2 9.2 10.8

Other mixed lipid feedstocks suitable for use in the
present process include tall oil soaps. Tall oil soaps are
generated via the alkaline pulping of wood in the Kraft
process. The alkaline pulping of wood using the Kraft
process results in the production of black liquor, comprising
the majority of the non-cellulose components of the wood.
These products include hemicelluloses, lignin, and various
salts of carboxylic acids including rosin salts and soaps
(salts of fatty acids). After the black liquor is concentrated
using multiple effect evaporators, it is allowed to settle or is
centrifuged. As the concentrated black liquor settles, the
soaps float to the surface where they are skimmed and
removed. The skimmed product (referred to as black liquor
soaps or tall oil soaps) is used as a feedstock in various
embodiments of the process.

In alternative embodiments, the mixed lipid feedstock in
the present process is a saponified crude natural oil, e.g. a
saponified vegetable oil. In alternative embodiments, the
mixed lipid feed feedstock is a saponified castor oil, i.e. a
composition comprising soaps derived from mixing a base
with a castor oil, the saponifiable content in the castor oil,
e.g. glycerides, and phospholipids, having been converted to
soaps. It is known in that the majority of the fatty acid
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content in castor oil (e.g. between 80 to about 95% of the
fatty acid content) is ricinoleic acid (12-hydroxy-9-cz’s-
octadecenoic acid). In alternative embodiments, the inven-
tion provides methods or processes for generating ricinoleic
acid by first saponifying a castor oil by adding a base, e.g.
sodium hydroxide, to the castor oil, acidulating the saponi-
fied castor oil to generate free fatty acids, and then separat-
ing or isolating ricinoleic acid from the generated free fatty
acids.

FIG. 1 shows an exemplary embodiment of the process
(100) for generating free fatty acids and optionally fatty acid
alkyl esters from a soapstock. A soapstock comprising soaps
and unsaponified lipids (101) is first combined with a strong
base, e.g. sodium hydroxide (102). The resulting combina-
tion is subjected to a saponification reaction (103) wherein
substantially all of the saponifiable material in the soapstock
(101) is converted to soaps (104), glycerol (105) and other
products. Glycerol (105) is then separated from the soaps
(104). The soaps (in water) (104), are then contacted with
CO2 (106), resulting in the formation of carbonic acid which
acidulates the soaps in an acidulation reaction (107) to
generate free fatty acids (109) and sodium carbonate salt
(108). The free fatty acids (109) can optionally be combined
with a solvent (110), e.g. a solvent comprising an alcohol
(111) and an optional co-solvent (112), and reacted in an
esterification reaction (113) at a temperature above the
critical temperature of the alcohol and a pressure above the
critical pressure of the alcohol to generate fatty acid alkyl
esters (114).

Alternative embodiments of the methods and processes
are described in greater detail bellow.

Soapstock Saponification:

In alternative embodiments, the first stage of the process
is a saponification reaction with a mixed lipid feedstock. In
alternative embodiments, a mixed lipid feedstock, e.g. a
soapstock washwater comprising water, soaps as well as
saponifiable material e.g. glycerides (e.g. mono- di- or
triglycerides or any combination thereof) and phospholipids,
is mixed with a base, e.g. a strong base such as sodium
hydroxide or potassium hydroxide, and water to generate a
saponification reaction mixture. The generated saponifica-
tion reaction mixture is then allowed to react to convert
substantially all of the saponifiable material in the mixed
lipid feedstocks to soaps. During the saponification reaction,
the base serves to cleave substantially all of the ester bonds
of'the saponifiable lipids present in the mixed lipid feedstock
and the cation (e.g. sodium or potassium) joins the fatty acid
molecule to form a salt of a fatty acid (soap). The resulting
product comprises soaps as well as water-soluble material
e.g. glycerol.

The following is a reaction scheme showing the saponi-
fication of a glyceride molecule in the mixed lipid feedstock
in an exemplary embodiment of the present invention.
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The following is a reaction scheme showing the saponi- native embodiments, the amount of base in the saponifica-
fication of a phospholipid molecule in the mixed lipid ,; tion reaction mixture is sufficient to increase the pH of the
feedstock in an exemplary embodiment of the present inven- reaction mixture to a level that is sufficient to saponify
tion. substantially all of the saponilable material in the mixed
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In alternative embodiments, the saponification reaction is lipid feedstock, e.g. a sufficient amount of base to increase
carried out at a temperature in the range of between about 39 the pH of the saponification reaction mixture to a level
room temperature (i.e. about 25° C.) to about 200° C,, e.g. greater than a pH of 10, e.g. a pH of 12. In alternative
between about 50° C. to about 180° C., about 60° C. to about embodiments, the amount of water in the saponification
160° C., about 70° C. to about 140° C., about 80° C. to about reaction is between about 5:1 water-to-feedstock to about
120° C., or about 100° C. In alternative embodiments, the 10:1, e.g. about 6:1.

. . . . 55 . . . . .
saponification reaction is carried out at a pressure of The saponification reaction can take place in any suitable

between about 0 to 100 psig, e.g. between about 5 and 50 reaction vessel known in the art. In alternative embodiments,
psig, or between about 10 psig and 20 psig. In alternative the reaction can be a batch or continuous process, depending
embodiments, the saponification reaction is carried out at on the desired throughput of material from the reaction.
ambient pressure. In alternative embodiments, the amount of ,  In alternative embodiments, the reaction products gener-
base in the saponification reaction mixture is between about ated by the saponification reaction comprise soaps (salts of
50 to 150% by weight of the dry weight of the mixed lipid fatty acids), glycerol, phosphate salts as well as unsaponi-
feedstock (wt/'wt %), e.g. about 100 wt/wt % of the dry fable material e.g. waxes and sterols. In alternative embodi-
weight of the mixed lipid feedstock. ments, the product generated from the saponification reac-
In alternative embodiments, the base used in the saponi- 65 tion is an emulsification. The product mixture generated in
fication reaction is any base of hydroxide, e.g. sodium the foregoing saponification reaction is referred to herein as

hydroxide (aOH) or potassium hydroxide (KOH). In alter- the “saponification product mixture.”
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In certain embodiments, following the saponification
reaction, the resulting reaction products (i.e. the saponifica-
tion product mixture) are subjected to a separation step in
which the soaps are separated from the reaming reaction
products, e.g. glycerol. The separation step can be any
suitable separation technique known in the art, e.g. filtration,
centrifugation, water washing, or any combination of sepa-
ration techniques. In an exemplary embodiment, the reaction
products from the saponification step are allowed to settle
and then the soaps are skimmed from the surface of the
mixture. In alternative embodiments, the skimmed soaps are
then subjected to a water wash in which substantially all of
the non-soap material is removed from the soaps.

In other embodiments, the reaction product generated
following the saponification product is an emulsion com-
prising, for example, soaps, water and unsaponifiable mate-
rial e.g. waxes and sterols. In alternative embodiments, the
emulsified saponification reaction product is not subjected to
a subsequent separation step to separate the soaps from the
other components of the reaction product. In certain embodi-
ments, the acidulation reaction (described below) is carried
out on the saponification reaction product in the same
reaction vessel, without the saponification reaction product
being subjected to a separation step or moved to a separate
reaction vessel for the acidulation step of the process. In
alternative embodiments, the reaction product generated
during the saponification step of the process comprises
between about 30% to about 90% water, e.g. between about
40% to about 70% water, or between about 50% to about
60% water.

Acidulation of Soaps:

In alternative embodiments, the soaps, or the reaction
product generated during the saponification step of the
process (i.e. the saponification product mixture), is subjected
to an acidulation step in which substantially all of the soaps
are acidulated to generate free fatty acids. The soaps are
acidulated by mixing them, in any suitable reaction vessel,
e.g. the same reaction vessel that was used in the saponifi-
cation step, with an acid to form an acidulation reaction
mixture. In alternative embodiments, the acid is an organic
acid e.g. carbonic acid. In alternative embodiments, carbonic
acid is generated by mixing CO2, e.g. gaseous CO2, with the
saponification reaction product, wherein the CO2 reacts with
the water (present in the saponification reaction product) to
form carbonic acid. In an exemplary embodiment, gaseous
CO2 is then piped or otherwise directed into the reaction
vessel wherein the CO2 reacts with the water present in the
saponification reaction product to form carbonic acid. Once
formed, the carbonic acid reacts with the soaps, thereby
acidulating them and generating free fatty acids and a
corresponding salt, e.g. sodium bicarbonate if sodium
hydroxide (NaOH) was used as the base in the saponification
step.

The amount of gaseous CO2 used in the acidulation step
of alternative embodiments of the process can vary depend-
ing on, for example, ambient temperature and pressure
conditions, but is generally sufficient to increase the pressure
of the reaction vessel in which the acidulation reaction is
being carried out to between about 0 and about 800 psig, e.g.
between about 10 and 700 psig, about 20 to about 600 psig,
about 30 to about 500 psig, about 40 to about 400 psig, about
50 to about 300 psig, about 60 to about 200 psig, about 60
to about 150 psig, about 70 to about 140 psig, about 80 to
about 120 psig, about 90 to about 110 psig, or about 100
psig. In alternative embodiments, the acidulation reaction is
carried out at a temperature in the range of between about 5°
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C. to about 120° C., e.g. about 10° C. to about 90° C., about
15° C. to about 70° C., about 20° C. to about 60° C., or about
25° C. to about 40° C.

In alternative embodiments, the source of the gaseous
CO2 used in the acidulation step is a “stack gas” or “flue
gas” (used interchangeably herein and referred to as “stack
gas”) other source of gaseous CO2 emitted from an indus-
trial process or any oven, furnace, boiler, steam generator or
the like, e.g. from a coal fired power plant or any other
industrial process wherein a gaseous waste stream compris-
ing CO2 is emitted. In alternative embodiments, the stack
gas is piped or otherwise transferred from the emission
source to the vessel in which the acidulation reaction is
carried out. In alternative embodiments, the stack gas can
comprise gaseous CO2 and possibly other products depend-
ing on the filtration or other purification steps that the stack
gas was subjected to prior to being transferred to the
acidulation reactor. The exact composition of the stack gas
will varying depending on the emission source and post-
combustion processing steps but is generally comprised
primarily of CO2 (e.g. about 60% or more CO2), nitrog-
enous products (e.g. N20 and NO2), sulfur dioxide (SO2),
hydrogen sulfide (H2S), water vapor and possibly other
products.

In alternative embodiments wherein a stack gas is used as
the CO2 source, other products in the stack gas, e.g. N20O,
NO2, SO2, H2S or the like can react with the water in the
acidulation reaction mixture to form their equivalent aque-
ous acid species (e.g., SO2 would react with the water to
generate sulfuric acid). The generation of additional acid
products in the reaction mixture can serve to increase the
reaction efficiency and reduce the total amount of time
required to perform the acidulation reaction. As such, the use
of a stack gas “waste stream” may be beneficial in the
process, representing an opportunity to utilize a waste
stream from one industrial process to benefit another indus-
trial process (which might otherwise require expensive
processing steps prior to being emitted) as an input for the
present process. The process therefore is a means of divert-
ing what would otherwise be an environmental pollutant to
an input stream of a separate industrial process.

Other products may optionally be added to the acidulation
reaction mixture e.g. organic or inorganic acids, e.g. formic
acid or sodium bisulfate. The addition of additional acids
can be useful in tailoring the ash profile of the resulting
acidulation product mixture (the mixture of products result-
ing from the acidulation reaction) such that certain end
products can be used as, e.g. a fertilizer. The optional
addition of additional acids can serve to increase the reaction
efficiency by acidulating soaps that were not acidulated by
the carbonic acid.

In alternative embodiments, the desired pH of the acidu-
lation reaction mixture is less than 5, e.g. 2 or 3. In
alternative embodiments, the amount of CO2 and optional
other acids (e.g. from stack gas) added to the acidulation
reaction mixture is sufficient to reduce the pH of the mixture
to below 5 or about 2 or 3.

In alternative embodiments, flowing the addition of the
CO2 (or stack gas, or carbonated water) and optional other
acids to the saponification reaction product and after the
reaction vessel has reached the desired temperature and
pressure to carry out the acidulation step, the resulting
reaction mixture is agitated, or otherwise mixed in order to
maximize the contacting of the soaps with the carbonic acid
(generated once CO2 reacts with the water present in the
saponification reaction mixture). The mixture can be agi-
tated using any suitable method known in the art, e.g. a
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spinning blade mixer. In alternative embodiments, the mix-
ture is agitated for between about 10 minutes to about 60
minutes, e.g. between about 15 minutes to about 45 minutes,
or between about 20 minutes to about 25 minutes, or about
30 minutes.

In alternative embodiments, following the agitation step,
the contents of the acidulation reaction vessel are allowed to
settle, allowing for the formation of a lipid layer and
aqueous layer. The lipid layer floats on the top of the
aqueous layer. In alternative embodiments, the lipid layer
comprises free fatty acids and any non-acidulated soaps, and
the aqueous layer comprises, for example, water, glycerol,
phosphate salts, e.g. sodium phosphate if sodium hydroxide
was the base used in the saponification step, sodium bicar-
bonate smaller amounts of sodium carbonate (or other
equivalent salts if NaOH was not the base used in the
saponification reaction), unsaponifiable material e.g. waxes
and sterols, and dissolved carbonic acid. In alternative
embodiments, the lipid layer comprising the free fatty acids
generated in the acidulation reaction is separated from the
remaining reaction products. The separation technique used
can be any suitable separation technique known in the art. In
alternative embodiments, the reaction products of the acidu-
lation step are transferred to a separation vessel, e.g. a
decanter wherein the mixture is allowed to settle and
allowed to separate, forming an aqueous phase and a “lipid”
phase comprising the free fatty acids which floats on top of
the aqueous phase. In alternative embodiments, the decan-
tation procedure results in the formation of separate lipid
and aqueous phases in approximately 1 hour or less, depend-
ing on the configuration of the reaction vessel. Other sepa-
ration techniques, e.g. centrifugation, may also be used in
accordance with the present invention. In certain embodi-
ments, the acidulation product mixture is not transferred to
a separate vessel in order to separate the lipids from the
remaining reaction products. In such embodiments, the
aqueous layer is drained from the bottom of the reaction
vessel and the lipid layer is recovered as the reaction
product.

In alternative embodiments, the reaction products gener-
ated during the acidulation reaction are transferred to the
separation unit in such a way that the loss of any gaseous
CO2 is minimized, e.g. via the use of a liquid level control
feedback or other suitable method. In certain embodiments,
after the acidulation reaction, the reaction vessel is depres-
surized, allowing for the dissolved carbonic acid to separate
out of the solution as gaseous CO2. In such embodiments,
the captured CO2 is recycled for use in the acidulation step.

In alternative embodiments, the process comprises mul-
tiple acidulation reactions. In such embodiments, following
the first acidulation reaction as described above, the reaction
vessel is depressurized and the gaseous CO2 is captured and
recycled. The lipid layer is then separated or otherwise
removed from the aqueous layer, and water is added into the
reaction vessel containing the lipid layer. Gaseous CO2 is
then added to the reaction vessel until the desired pressure
is reached as described above. The reaction vessel is then
heated and agitated as previously described and allowed to
settle. The resulting lipid layer is then separated or otherwise
removed from the aqueous layer as previously described.
The resulting lipid layer is then separated or otherwise
removed and can optionally be subjected to additional
acidulation reactions as previously described, wherein addi-
tional water and CO2 is added and the resulting mixture
agitated at the desired temperature and pressure and the
resulting lipid layer is separated or otherwise removed from
the aqueous layer. The number of acidulation reactions in the
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process can vary depending on the desired free fatty acid
yield and process economics. In certain embodiments, the
number of acidulation reactions is sufficient to acidulate
substantially all of the soaps present in the saponification
product mixture, e.g. 3-8 acidulation reactions, e.g. 6 acidu-
lation reactions.

In alternative embodiments, a salt, e.g. sodium chloride or
other equivalent salt, is added to the product mixture fol-
lowing an acidulation reaction. The addition of NaCl or
equivalent salt to the acidulation reaction product increases
the ionic strength of the product mixture and prevents the
lipid layer from emulsifying with the aqueous layer. In
certain embodiments, the process comprises two or more
acidulation reactions and the salt, e.g. NaCl, is added to the
product mixture generated by the second acidulation reac-
tion. In certain embodiments, the process comprises three or
more acidulation reactions, e.g. six acidulation reactions,
and the salt is added to the product mixture generated by the
third acidulation reaction.

The acidulation reaction, or multiple acidulation reac-
tions, can take place in any suitable reaction vessel known
in the art. In alternative embodiments, the reaction can be a
batch or continuous process, depending on the desired
throughput of material from the reaction. In embodiments of
the process comprising multiple acidulation reactions, the
multiple acidulation reaction can take place in the same
reaction vessel or in separate reaction vessels. In embodi-
ments comprising multiple acidulation reactions taking
place in multiple reaction vessels, the lipid layer generated
during each acidulation reaction is separated or otherwise
removed from the corresponding aqueous layer and trans-
ferred to a separate reaction vessel wherein the lipid layer is
mixed with water and CO2 and the resulting mixture is
agitated for the desired period under the desired temperature
and pressure conditions and allowed to settle in order to
generate a new lipid layer.

In alternative embodiments, the separated free fatty acids
generated in the acidulation reaction are subjected to further
processing steps. In alternative embodiments, the free fatty
acids are further separated by their carbon chain length, i.e.
the number of carbon atoms contained in the aliphatic tail
portion of the free fatty acid, which can comprise, in
alternative embodiments, between 4 and 28 carbon atoms. In
alternative embodiments, the free fatty acids are separated
by their saturation. In alternative embodiments, the saturated
free fatty acids are separated from the unsaturated free fatty
acids. In alternative embodiments, the separated free fatty
acids are separated into short-chain fatty acids (aliphatic tail
length of fewer than 6 carbon atoms), medium-chain fatty
acids (aliphatic tail lengths of between 6 and 12 carbon
atoms), long-chain fatty acids (aliphatic tail length of
between 13 and 21 carbon atoms), and very long-chain fatty
acids (aliphatic tail length of 22 or more carbon atoms). In
alternative embodiments, the separated free fatty acids are
separated into individual fatty acids streams based on the
length (number of carbon atoms) of their aliphatic tails.

In alternative embodiments, the separated free fatty acids
can be further separated into distinct cuts, based on their
aliphatic tail length and/or saturation, using any suitable
technique known in the art, e.g. ion exchange, continuous
ion exchange, chromatography, continuous chromatography
or the like.

Electrolysis of Lipid Phase from Acidulation Reaction:

In alternative embodiments, the lipid phase having been
separated in the foregoing acidulation reactions comprises a
small percentage of unreacted soaps, i.e. soaps that were not
acidulated to generate free fatty acids, e.g. between about 5
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wt % and 20 wt %, or about 10 wt % of the lipid phase. In
order to increase the overall efficiency of the process,
alternative embodiments of the process comprise an elec-
trolysis step wherein the lipid phase comprising a small
amount of unreacted soaps is transferred to an electrolysis
unit wherein the soaps in the lipid are reacted with an
anolyte to generate free fatty acids. In alternative embodi-
ments, the addition of the electrolysis step converts substan-
tially all, e.g. 95% or more of the unreacted soaps to free
fatty acids.

In alternative embodiments comprising the electrolysis
step, the lipid layer from the acidulation reaction(s) is
transferred to an electrolysis unit (e.g. a hydrogen evolving
cathode (HEC) electrolysis unit) comprising a vessel or
suitable container comprising an anode (the anode vessel)
and a vessel or other suitable container comprising a cathode
(the cathode vessel) separated by a selective filtration mem-
brane, e.g. a polytetrafluoroethylene (PTFE) membrane. In
alternative embodiments, the anode is comprised of a mixed
metal oxide (MMO) layer coated onto a stable metal sub-
strate, e.g. titanium. In alternative embodiments, the cathode
can be, for example, titanium or a Monel alloy, or any other
substrate that is stable in a reducing environment.

In alternative embodiments, a solution comprising an
anolyte is added to the anode vessel. In alternative embodi-
ments the anolyte is a sodium salt, e.g. sodium sulfate (for
illustrative purposes, sodium sulfate is the anolyte in the
remaining description of the electrolysis step, although those
skilled in the art would appreciate that an equivalent anlolyte
may be substituted in the process). Simultaneously, the
cathode vessel is filled with a catholyte, e.g. sodium hydrox-
ide. In alternative embodiments, a current is passed through
the electrolysis unit resulting in the oxidation of the sodium
sulfate, thereby generating sodium ions and sodium bisul-
fate. The current also serves to oxidize the water, generating
hydrogen ions. The generated sodium ions are pushed across
the electrolysis membrane and the generated sodium bisul-
fate results in a reduction of the pH of the anolyte solution
to, e.g. about 3. Once the pH has reached a suitable level,
e.g. about 3, a portion of the separated lipid from the
acidulation step is introduced into the vessel with the anolyte
solution wherein any unreacted soaps in the lipid layer react
with the sodium bisulfate to generate free fatty acids and
sodium sulfate. The generated free fatty acids are separated
from the anode vessel by any suitable method in the art, e.g.
through a pipe at the top of the anode vessel and into
separate side tank. The generated sodium sulfate acts as the
regenerated anolyte which, after the fatty acids have been
removed from the anode vessel, is oxidized by passing a
current through the anode. As such, the electrolysis unit
operates in a semi-continuous fashion, wherein sodium
sulfate is oxidized to generate sodium bisulfate, thereby
lowering the pH of the anolyte solution. Once the pH has
reached a suitable level, e.g. about 3 additional lipid material
from the acidulation reaction step is added, and the soaps
present in the lipid material react with the sodium bisulfate
to generate free fatty acids and sodium sulfate.

As the electrical current is passed through the cathode, the
water is reduced, thereby generating hydroxide ions. As the
sodium ions are pushed across the membrane from the anode
vessel into the cathode vessel, they react with the generated
hydroxide ions to generate sodium hydroxide. In alternative
embodiments, the starting concentration of the catholyte
(sodium hydroxide) is about 30 wt %. As additional sodium
hydroxide is generated (from the sodium ions moving across
the membrane and into the cathode and reacting with the
hydroxide ions), the concentration of sodium hydroxide
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increase to, e.g. about 33 wt % before some of the sodium
hydroxide is removed to bring the concentration back down
to its original concentration, e.g. 30 wt %. The generated
sodium hydroxide solution comprising sodium hydroxide
and water can be recycled for use in the saponification
reaction, resulting in a more “closed loop™ system.

In alternative embodiments, the electrolysis unit is a
hydrogen evolving cathode (HEC) unit with a current den-
sity in the range of about 1-10 kA/m2. In alternative
embodiments, the voltage of the individual cells of the unit
can be in the range of between about 3 and 15 volts. In
alternative embodiments, the unit comprises holding tanks
for the anolyte and catholyte for electrolyte balancing as the
process is carried out. In alternative embodiments, the
holding tank of the catholyte also serves as the additional
tank for the lipid product, as well as a decanter for separating
fatty acids generated in the process. In alternative embodi-
ments, upon startup of the electrolysis unit, the sodium
sulfate anolyte is electrolyzed, causing the pH of the anolyte
solution to drop from, e.g. about 7 to about 3 to 3.5 and the
temperature of the anode vessel is increased to between
about 40-90° C., or above the melting point of the lipid
solution entering the anode. In alternative embodiments, the
lipid product is added to the anolyte solution until the pH
increases to, e.g. about 4.5, after which point the addition of
the lipid product is halted. In alternative embodiments, once
the anolyte is electrolyzed, it contacts the soaps, which floats
in the holding tank/decanter due to limited solubility in the
anolyte. Once the pH in the anolyste solution is reduced to
3-3.5, the circulating pump halts and fatty acid is decanted
from the anolyte for downstream processing.

In alternative embodiments, the foregoing electrolysis
procedure is used as a total replacement of the acidulation
reaction comprising acidulating soaps using carbonic acid.
In such embodiments, the saponification product mixture
generated in the saponification reaction is subjected to
electrolysis as described above, wherein the product enter-
ing the anode vessel of the electrolysis unit is the saponifi-
cation product mixture rather than the lipid layer separated
from the acidulation product mixture.

Treatment of Aqueous Phase from Acidulation Reaction:

Evaporation/Drying

In alternative embodiments, the aqueous phase(s) gener-
ated in the one or more acidulation reactions is subjected to
one or more processing steps in order to recover desirable
reaction products that remain in the aqueous phase of the
acidulation reaction products and/or to treat the aqueous
phase such that the resulting product meets or exceeds
relevant regulatory standards relating to animal feed addi-
tives.

In alternative embodiments, the aqueous phase, or mul-
tiple aqueous phases (i.e. collected from acidulation reac-
tions) is treated to remove water, e.g. by any suitable drying
method (e.g. evaporation via falling film, forced recircula-
tion flashing, or any other suitable method) known in the art,
thereby generating a product comprising sodium biconrbon-
ate. Care must be taken so as not to convert sodium
bicarbonate to sodium carbonate via thermal degradation, so
evaporation temperature should be conducted below about
60° C. and should be conducted under a vacuum.

In alternative embodiments, once a majority of the water
has been removed from the aqueous stream(s), the resulting
product can be dried further to generate a sodium bicarbon-
ate product that is substantially free of any water, e.g. less
than about 20% water or less than about 10% water. Suitable
apparatuses for creating a substantially dry sodium bicar-
bonate product include fluidized bed dryers, lyophilizers,
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spray dryers, and rotary drum dryers. The generated dried
sodium bicarbonate product can be used in any application
that utilizes a crude sodium bicarbonate stream, e.g. as an
animal feed additive.

Filtration

In alternative embodiments, the aqueous phase(s) gener-
ated in the one or more acidulation reactions is subjected to
one or more processing steps in order to recover desirable
reaction products that remain in the aqueous phase of the
acidulation reaction products and/or to treat the aqueous
phase such that the resulting product meets or exceeds
relevant regulatory standards relating to wastewater. In
alternative embodiments, the aqueous phase(s) generated
during the one or more acidulation reactions can comprise
various organic molecules and salts in addition to water. The
exact composition of the aqueous phase(s) will vary depend-
ing on the feedstock used in the process, as well as other
process variables, e.g. the reaction conditions, separation
technique to separate the lipid phase from the aqueous phase
during the acidulation process, etc. In alternative embodi-
ments, the aqueous phase(s) may include, in addition to
water: sodium bicarbonate (or equivalent salt if a base other
than sodium hydroxide was used in the saponification step),
glycerol, phosphates, cholines, ethanolamines, sodium sul-
fate (or equivalent salt), inositol, unreacted saponifiable
material, e.g. soaps and/or glycerides, residual (small
amounts of) free fatty acids, other organic or inorganic
compounds, or any combination thereof.

The composition of an exemplary aqueous phase gener-
ated in the acidulation step comprising 6 acidulation reac-
tions, wherein the feedstock of the process is a soapstock
obtained from the processing of a crude soybean oil, is
described below:

water 92.8%

sodium sulfate 1.4%

glycerin 0.79%
choline 0.06%
ethanolamine 0.02%
inositol 0.05%
phosphate 0.12%
sodium bicarbonate 4.72%

In alternative embodiments, the aqueous phase(s) may be
treated using filtration, e.g. a size-exclusion filtration sys-
tem. In alternative embodiments, the filtration step may be
operationally in-line (i.e. continuously) with the acidulation
step such that aqueous phase generated in each acidulation
reaction (if the embodiment comprises more than one acidu-
lation reaction) is treated immediately after or during the
point at which the aqueous phase is separated from the lipid
phase. In other embodiments, the aqueous phases may be
collected and treated in a single batch.

In alternative embodiments, wherein the process com-
prises multiple acidulation reactions, the aqueous phase
generated in each of the acidulation reactions is continu-
ously pumped through a filtration mechanism, e.g. a nano-
or microfiltration system or other appropriate membrane
filtration system which may be selected from any of the
known nano-, micro- or other appropriate size-exclusion
filtration mechanisms or systems known in the art. In
alternative embodiments, the size of the pores of the filter
allows for the rejection (i.e. allows the particles to pass
through the membrane) of certain particles, e.g. soaps and/or
phosphates, and retains (i.e. does not allow the particles to
pass through the membrane) the sodium bicarbonate (or
other equivalent salt if sodium hydroxide was not the salt
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used in the saponification reaction step). In alternative
embodiments, the particles that pass through the membrane
of the filter have a molecular weight less than the molecular
weight of sodium palmitate, e.g. sodium bicarbonate,
sodium phosphates, etc. In alternative embodiments,
rejected particles are sodium (or other equivalent) soaps, e.g.
sodium palmitate, sodium pleate, etc. In alternative embodi-
ments, the filtration system provides for a more efficient
process in that the soaps and/or other saponifiable material
rejected by the membrane of the filter are returned to the
lipid phase for subsequent acidulation reactions, thereby
increasing the overall fatty acid yield of the process.

In alternative embodiments, the addition of a filtration
step in the process serves to drive the acidulation reaction to
completion be removing the sodium bicarbonate (or other
equivalent salt) from the acidulation product. Sodium bicar-
bonate can “back-react” with the fatty acids generated in the
acidulation step, wherein some of the fatty acids react with
the sodium bicarbonate to generate soaps, thereby lowering
the overall fatty acid yield of the process. By removing the
generated sodium bicarbonate from the acidulation products,
the opportunity for back-reacting with the sodium bicarbon-
ate is diminished and the fatty acid yield of the process is
increased.

In alternative embodiments, the filtration step is carried
out in a pH range of between about 6 and 11 and a pressure
of between about 50 and 800 psi, while maintaining a
temperature of between about 23 and 100° C. In alternative
embodiments, the pH of the acidulation product solution on
which the filtration step is carried out varies depending on
the amount of sodium bicarbonate in the solution. As the
sodium bicarbonate is removed, e.g. via filtration, the pH
drops and becomes increasingly acidic, thereby driving the
acidulation reaction to completion. In alternative embodi-
ments, the aqueous phase of the acidulation reaction(s) is
pumped through the filter at a range of between about 1 and
100 gallons per minute. In alternative embodiments, the size
of the pores in the filter membrane has a molecular weight
cutoff (MWCO) of between about 100-250 Daltons.

In alternative embodiments, the retained portion of the
aqueous phase comprising the sodium bicarbonate (or other
equivalent salt if sodium hydroxide was not used in the
saponification reaction step) is then subjected to a concen-
tration step using, for example, reverse osmosis (RO). In
alternative embodiments, the conditions for the RO step are
similar to those of the filtration step, i.e. a pH in the range
of between about 6 and 11, a pressure of between about 50
and 800 psi, while maintaining a temperature of between
about 23 and 100° C. In alternative embodiments, the
concentrated sodium hydroxide can be discarded or sold,
increasing the overall efficiency of the process. In alternative
embodiments, the water produced in the RO step is suitable
pure to be recycled within the acidulation step, thereby
increasing the efficiency of the process and reducing total
water consumption.

Lime Treatment and Oxidation of Organics

In alternative embodiments, the aqueous phase generated
in the acidulation reaction, or multiple acidulation reactions,
is collected and contacted with calcium hydroxide, i.e.
slaked lime. The amount of lime added to the aqueous phase
is generally an amount sufficient to increase the pH of the
solution to about 11. The lime-treated aqueous phase is
allowed to react for a period of between about 1 and 24
hours. During the reaction time, various precipitates form
and the pH of the solution increases to about 12 or 13. In
alternative embodiments, wherein sodium hydroxide is the
base used in the saponification step, an ion-swap occurs
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between the lime and sodium bicarbonate in the aqueous
phase, thereby regenerating the sodium hydroxide for recy-
cling in the saponification step of the process.

In the same lime-contacting step described above, various
calcium precipitates are formed when they react with vari-
ous components in the aqueous phase. These precipitates can
include, for example, various calcium phosphates (i.e. Cax
(PO4)x). Other components of the lime-treated aqueous
phase can include, for example, those products that were
present in the recovered aqueous phase of the one or more
acidulation reactions that did not react with the lime, e.g.
glycerol, ethanolamines, choline, other organics, or any
combination thereof.

In order to satisfy the Biochemical Oxygen Demand
requirements for conventional wastewater treatment facili-
ties, in alternative embodiments, the lime-treated aqueous
phase product may be subjected to an oxidation step in
which the organics present in the solution, e.g. phosphorous,
glycerin, and other organics are fully oxidized into gaseous
products that precipitate out of solution. In alternative
embodiments, the lime-treated aqueous phase is subjected to
Fenton oxidation wherein hydrogen peroxide and Fe2+ ions
are used to catalyze OH radical formation. In alternative
embodiments, the Fenton oxidation step is carried out by
adding between about 1 and 10 grams of hydrogen peroxide
per liter of aqueous phase liquid and between about 0.1 and
1.0 mol Fe2+ per mol of hydrogen peroxide to the lime-
treated aqueous phase. The resulting mixture is then allowed
to react for between about 1 and 24 hours at a temperature
of'between about 20-50° C. Once the hydrogen peroxide and
Fe2+ are added to the lime-treated aqueous phase, the pH
will drop rapidly to between about 3 and 9, e.g. less than pH
7. The pH then rises slowly as the organics are gasified and
leave the solution. The reaction is considered complete when
the rate of change in the pH of the solution is less than about
0.1 units/hour. UV oxidation can optionally be used in
combination with Fenton oxidation.

In alternative embodiments, following the oxidation step,
the solution is then contacted with fresh lime to precipitate
any unbound phosphorus and other acidic species. The
conditions for the second lime treatment step are identical to
those of the first lime treatment step.

In alternative embodiments, following the second lime
treatment step, the regenerated sodium hydroxide (NaOH)
can be concentrated for recycling and use in the saponifi-
cation step of the process. The amount of water that must be
removed from the solution comprising the NaOH will
depend on the amount of water required for the saponifica-
tion step. Therefore, if the NaOH is to be recycled in the
process, it is not necessary to remove all of the water from
the NaOH. This can be achieved using any methods known
in the art, e.g. evaporation, reverse osmosis, or the like.

Esterification of Free Fatty Acids:

In alternative embodiments, the free fatty acids generated
in the acidulation reaction are optionally subjected to an
esterification step in which substantially all of the free fatty
acids are esterified to form fatty acid alkyl esters. In alter-
native embodiments, the esterification is carried out by
mixing the free fatty acids with an alcohol and subjecting the
resulting reaction mixture to a temperature above the critical
point of the alcohol and a pressure above the critical pressure
of the alcohol, thereby causing the alcohol to become
supercritical. In its supercritical state, the alcohol reacts with
the free fatty acids to form an ester product of fatty acid alkyl
esters. The alcohol used in the esterification step can be an
alcohol with between 1 and 5 carbons. In alternative
embodiments, the alcohol is methanol or ethanol.
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In alternative embodiments, the esterification step com-
prises a first emulsification step. The emulsification step can
be carried out using any suitable technique known in the art.
In alternative embodiments, the emulsification is carried out
by combining the free fatty acids with the alcohol and
subjecting the resulting mixture to a high mechanical sheer.
The sheer time can be in the range of between about 1 and
100 minutes, or until an emulsification is formed. The molar
ratio free fatty acids to alcohol in the reaction mixture for the
esterification step can be between about 1:1 to about 1:30,
e.g. about 1:10.

In alternative embodiments, after the emulsification is
formed, it is transferred to a reaction vessel wherein it is
subjected to temperatures and pressures above the critical
point of the alcohol. The reaction vessel can be any suitable
reaction vessel capable of withstanding the temperatures and
pressures necessary to allow the alcohol to become super-
critical. The reaction can be batch or continuous, depending
on the desired throughput. In alternative embodiments, the
emulsification of the fatty acids and alcohol are pumped into
a continuous, plug-flow, continuously stirred tanks, batch-
type, or other suitable reaction vessel. In alternative embodi-
ments, the temperature in the reaction vessel is between
about 235° C. to about 375° C. and the pressure is between
about 500-5000 psig. In certain embodiments, the alcohol
used in the esterification step is methanol. In such embodi-
ments, the temperature in the reaction vessel is above the
critical temperature of methanol, or above about 240° C.,
and the pressure in the reaction vessel is above the critical
pressure of methanol, or above about 1172 psig. In certain
embodiments, the alcohol used in the esterification step is
ethanol. In such embodiments, the temperature in the reac-
tion vessel is above the critical temperature of ethanol, or
above about 240° C., and the pressure in the reaction vessel
is above the critical pressure of methanol, or above about
890 psig. The reaction time can be between about 10 seconds
to about 5 hours, or sufficiently long to allow for the
esterification of substantially all of the free fatty acids, e.g.
between about 1 minute and about 4 hours, about 20 minutes
and about 3 hours, about 30 minutes and about 2 hours, or
about 40 minutes and about 90 minutes, or about 60 minutes
and about 75 minutes.

In alternative embodiments, a co-solvent can optionally
be included in the reaction mixture in the esterification step.
The additional of a co-solvent can allow for increased
miscibility of the free fatty acids in the alcohol and can result
in decreased reaction times to affect complete conversion of
free fatty acids to fatty acid alkyl esters. The co-solvent can
be, for example, an organic acid or a hydrocarbon, or
combinations thereof. Suitable hydrocarbon co-solvents
include, without limitation, ethane, propane, butane, and
hexane, or combinations thereof. Suitable organic acid co-
solvents include, without limitation, formic acid, acetic acid,
propionic acid, butyric acid, valeric acid, caprionic acid,
oxalic acid, lactic acid, malic acid, citric acid, benzoic acid,
carbonic acid, or any combination thereof.

In alternative embodiments, the product mixture follow-
ing the esterification reaction comprises fatty acid alkyl
esters, unreacted alcohol, water, and, if present in the
reaction mixture, co-solvent. If methanol was the alcohol
used in the esterification reaction, the fatty acid alkyl esters
will be fatty acid methyl esters (FAME). If ethanol is used
in the esterification reaction, the fatty acid alkyl esters will
be fatty acid ethyl esters (FAEE).

The reacted material from the esterification reaction (i.e.
the product mixture in which the fatty acids are substantially
esterified) is passed through a high pressure heat exchanger,
e.g. a plate, shell and tube, concentric, spiral, or other
suitable heat exchanger, wherein heat is withdrawn from the
product mixture and optionally recovered (where the heat
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can be recycled for use elsewhere in the process, e.g. to heat
the reactor used in the esterification step, thereby decreasing
the overall energy requirements of the system).

In alternative embodiments, the heat recovery is con-
ducted under pressure, e.g. at approximately 50 psi below
the pressure of the initial reaction, thus, the temperature of
the product mixture from which heat is being transferred can
be reduced to below the supercritical point of the alcohol
(e.g. methanol, which has a supercritical point 0 240° C., so
the heat is reduced to below 240° C.) while maintaining a
pressure above its critical pressure (e.g. above about 1172
psi), thereby keeping the solvent, e.g. methanol, in a hot
compressed liquid (non-vapor) state. In this alternative
embodiment, the product mixture maintains a relatively thin
(i.e. non-viscous) consistency, allowing for a high .og Mean
Temperature Differential and Heat Transfer Coeflicient,
thereby reducing the total amount of contact area necessary
to achieve the desired heat transfer.

In alternative embodiments, the reactor is heated using an
oil, where optionally the oil can be heated by burning a
natural gas, and the heat can be recovered by reducing the
temperature of the product mixture from, for example, 285°
C. to 215° C. (using the methanol as the alcohol example),
or equivalent for other solvents, which allows a reduction in
the amount of energy (e.g. natural gas) needed to heat the
heating oil by approximately 30%. In alternative embodi-
ments the heat transfer process reduces the temperature of
the product mixture to, e.g. about 215° C. for the methanol
as an exemplary alcohol.

In alternative embodiments, the temperature of the reac-
tion mixture is not lowered to a temperature such that a
significant portion of the alcohol, e.g. methanol, remains
with the other components of the product mixture during the
alcohol, e.g. methanol, recovery step. For example, if the
amount of heat recovered resulted in a reduction in tem-
perature of the product mixture to about 180-190° C., the
amount of methanol that remains with the product mixture
following the alcohol (e.g. methanol) recovery step would
be in the range of about 10 wt %. By maintaining a
temperature of about 215° C., the amount of alcohol (e.g.
methanol) remaining in the product mixture following the
alcohol (e.g. methanol) recovery step is approximately 2 wt
%.

In alternative embodiments, following the heat recovery
step, the product mixture undergoes a flash process wherein
the product mixture is transferred to a flash drum or appro-
priate or equivalent vessel wherein the pressure is reduced
from the pressure within the heat exchanger, e.g. above 1171
psi or about 1200 psi, to, for example, about atmospheric
pressure, or about less than 14 psi, e.g. less than 1 psi, or
about 0.1 psi. The decrease in pressure results in an envi-
ronment in which the vapor pressure of the alcohol, e.g.
methanol, exceeds its external pressure (the pressure of the
flash drum or vessel), allowing for the alcohol, e.g. metha-
nol, water, and, if present, the co-solvent (collectively
referred to as the “solvent”) to vaporize or “flash” out of the
product mixture.

A flash at 0.1 psi results in approximately 95% of solvent
present in the product mixture to vaporize and leave the flash
vessel, with approximately 5% of the solvent remaining in
a liquid state and existing in the bottom of the flash unit
along with the remaining products in the product mixture
(i.e. the “ester stream” comprising the fatty acid alkyl
esters). In such embodiments, the concentration of solvent
(i.e. alcohol, water and, if present, co-solvent) leaving the
flash unit in a liquid state (in the ester stream) is approxi-
mately 2 wt % of the ester stream.
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In alternative embodiments, the ester stream leaves the
flash unit at a temperature in the range of between about 110
to about 125° C., e.g. 115° C. and is sent to a heat exchanger,
e.g. a standard shell and tube heat exchanger, wherein it is
cooled to about 95° C. The recovered heat can be recycled
for use in the process, e.g. to heat the reactor.

In alternative embodiments the solvent (alcohol, water
and, if present, co-solvent) mixture that was flashed in a
previous step, wherein the mixture (if no co-solvent was
included in the esterification reaction) is approximately 95
wt % methanol and 5 wt % water, is then distilled to yield
a substantially pure alcohol, e.g. methanol product, e.g.
approximately 99.8% or more alcohol, e.g. methanol. The
substantially pure alcohol, e.g. methanol, product can be
recycled for use in subsequent reactions.

In alternative embodiments, the ester stream (i.e. the
“bottoms” from the previous liquid-vapor separation step
comprising primarily fatty acid alkyl esters as well as some
small amount of unreacted fatty acids as well as any of the
solvent that was not removed in the previous liquid-vapor
separation step) is heated to a temperature in the range of
between about 120 to about 250° C., e.g. between about 180
to about 190° C. and transferred to a liquid-vapor separation
unit, e.g. a flash chamber, under a vacuum range of between
about 5 to about 750 Torr, causing any remaining solvent
that was not separated from the esterification product mix-
ture in the previous liquid-vapor separation step to vaporize
and evaporate off of the remaining “bottoms”, i.e. the fatty
acid alkyl esters and unreacted fatty acids. The separated
solvent can then be purified as described in the previous
distillation step to yield a substantially pure alcohol, e.g.
methanol product, e.g. approximately 99.8% or more alco-
hol, e.g. methanol. The substantially pure alcohol, e.g.
methanol, product can be recycled for use in subsequent
reactions.

In alternative embodiments, the ester stream, i.e. the
material that did not evaporate in the previous liquid-vapor
separation step, wherein substantially all of the solvent has
been removed, is then distilled to generate a product stream
comprising substantially purified, i.e. comprising between
about 90 and about 99.8 percent fatty acid alkyl esters, e.g.
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or more,
fatty acid alkyl esters, e.g. FAME. In alternative embodi-
ments, the ester stream is purified by transferring the ester
stream to a distillation column, e.g. a packed or trayed
distillation column, under vacuum of between about 1 to
about 200 Torr and heated to a temperature of between about
0 to about 300° C., e.g. about 250° C. The resulting distillate
stream is comprised substantially purified, e.g. 99.8%) or
more, fatty acid alkyl esters. The “bottoms™ of the distilla-
tion column are then optionally transferred to a second
distillation column in which the pressure is in the range of
about 0.05 to about 100 Torr, causing substantially all of the
free fatty acids to evaporate. The separated free fatty acids
can optionally be recycled in the process in subsequent
esterification reactions.

EXAMPLES

Example 1: Saponification and Acidulation of
Soapstock

This example describes an exemplary protocol of the
invention:

Soybean oil Soapstock Makeup generated was obtained
from a natural oil refining facility and was used as a
feedstock to generate free fatty acids (FFAs). The feedstock
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was first subjected to a saponification reaction to convert the
saponifiable material in the feedstock to soaps. The product
resulting from the saponification reaction was then subjected
to an acidulation reaction wherein CO2 was introduced into
the reaction vessel comprising the saponification product.
The CO2 reacted with the water in the saponification prod-
uct to form carbonic acid and acidulated soaps, thereby
generating an acidulation reaction product comprising a first
lipid layer comprising free fatty acids and a second aqueous
layer comprising water glycerol, sodium bicarbonate, unsa-
ponifiable material, e.g. waxes and sterols, dissolved car-
bonic acid, and phosphate salts.

Feedstock Description:

The feedstock used in the present example was 55 gallons
of soybean oil Soapstock Makeup obtained from a natural
oil refinery. The crude soybean oil was processed using the
conventional chemical refining process for treating crude
natural oil. First, phosphoric acid was added to the crude
soybean oil in order make the phospholipids (gums) soluble
in water. Second, the crude soybean oil was treated with
sodium hydroxide to neutralize the majority of free fatty
acids. During the neutralization process, the free fatty acids
reacted with the sodium hydroxide to form (soaps sodium
salts of fatty acids). Water was then added to neutralized oil
in order to dissolve the soaps and gums and the oil was
centrifuged to remove the majority phospholipids (gums)
and the soaps. The oil is then washed with water to remove
any excess soap and sodium hydroxide in the oil. The
resulting waterwash material is referred to herein as the
Soapstock Makeup, which was the feedstock in the present
example. In addition to soaps and gums, the feedstock
comprised various saponifiable material including mono-,
di-, and triglycerides.

Composition of Feedstock:

55 gallons Soapstock Makeup: 12 wt % Soapstock
(Soaps, saponifiable material, and unsaponifiable material),
and 88 wt % water.

Saponification Reaction:

55 gallons of Soapstock Makeup and 10 Ibs. of 50 wt %
NaOH (referred to collectively as the “reaction mixture”)
were placed in a 75 gallon jacketed (insulated) reaction
vessel. The reaction mixture was agitated using a spinning
blade mixer at 232 rpm. The temperature of the reaction
vessel was increased to 100° C. and reacted for 4 hours at
atmospheric pressure to allow for complete conversion of
substantially all saponifiable material in the soapstock to
soaps. The resulting product mixture was an emulsification
comprising soaps, water, and unsaponifiable material.

Acidulation Reaction:

First acidulation reaction: After the saponification reac-
tion, gaseous CO2 was slowly introduced into the sealed
reaction vessel through a port located near the bottom of the
vessel. CO2 was continually added to the reaction vessel
until the pressure inside the vessel reached 100 psig. The
reaction vessel was maintained at a temperature of 95° C.
and agitated using a spinning blade mixer spinning at 232
rpms for a period of 30 minutes. After 30 minutes, the
contents of the reaction vessel were allowed to settle for 10
minutes. During settling, a lipid layer and an aqueous layer
formed and the lipid layer floated on top of the aqueous
layer. The aqueous layer was drained from the bottom of the
reaction vessel. The total weight of the drained aqueous
layer was 250 1bs.

Second acidulation reaction: After the aqueous layer was
removed following the first acidulation reaction, the reaction
vessel was depressurized to 20 psig. The contents in the
reaction vessel were agitated using the spinning blade mixer
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as 250 Ibs. of tap water was simultaneously introduced
through the top of the reaction vessel. CO2 was continually
added to the reaction vessel until the pressure inside the
vessel reached 100 psig. The reaction vessel was maintained
at a temperature of 95° C. and agitated using the spinning
blade mixer at 232 rpms for a period of 30 minutes. After 30
minutes, the contents of the reaction vessel were allowed to
settle for 10 minutes. During settling, a lipid layer and an
aqueous layer formed and the lipid layer floated on top of the
aqueous layer. The aqueous layer was drained from the
bottom of the reaction vessel. The total weight of the drained
aqueous layer was 290 lbs.

Third acidulation reaction: After the brine was removed
following the second acidulation reaction, the reaction ves-
sel was depressurized to 20 psig. The contents in the reaction
vessel were agitated using the spinning blade mixer as 290
Ibs. of 10 wt % aq. NaCl was simultaneously introduced
through the top of the reaction vessel. CO2 was continually
added to the reaction vessel until the pressure inside the
vessel reached 100 psig. The reaction vessel was maintained
at a temperature of 95° C. and agitated using the spinning
blade mixer at 232 rpms for a period of 30 minutes. After 30
minutes, the contents of the reaction vessel were allowed to
settle for 10 minutes. During settling, a lipid layer and an
aqueous layer formed and the lipid layer floated on top of the
aqueous layer. The aqueous layer was drained from the
bottom of the reaction vessel. The total volume of the
drained aqueous layer was 20 gallons.

The contents of the reaction vessel were allowed to cool
to a temperature of 65° C. 20 gallons of hexane was added
to the reaction vessel in order to ensure that all lipids in the
product mixture would separate from the aqueous layer.
CO2 was continually added to the reaction vessel until the
pressure inside the vessel reached 100 psig. The reaction
vessel was maintained at a temperature of 65° C. and
agitated using the spinning blade mixer at 232 rpms for a
period of 30 minutes. After 30 minutes, the contents of the
reaction vessel were allowed to settle for 10 minutes. During
settling, a hexane layer comprising the lipids (free fatty
acids) was formed and floated on top of the product mixture.
The reaction vessel was then allowed to drain from the
bottom until the lipid layer was reached.

Analysis of FFA Content and FFA Profile:

Following the third acidulation reaction, a sample of the
hexane layer comprising the free fatty acids (FFAs) was
removed from the reaction vessel for analysis. First, the
hexane was removed from the sample. Using acid titration,
it was determined that the fatty acid content of the sample
was 79.2 wt % FFA. The remainder of the sample was
comprised of unacidulated soaps and various unsaponifiable
material. The fatty acid profile of the sample is shown is
Table 2.

TABLE 2
Fatty acid profile of sample
Cl6 C18 C20
18.7% 81.0% 0.3%

Example 2: Conversion of 150 Gallons of
Soapstock to Free Fatty Acids

443 1bs of soybean soapstock having a moisture content of
53.7% and a total fatty acid (TFA) content of 30.3% were
added to a 150 gallon Inconel 600 batch-type reactor reactor
with a three-tier agitator.
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Saponification:

It was assumed that the TFA content was Y3 phospholipid,
V4 neutral oil, and V5 fatty soaps. As such, 56 Ibs of 50 wt
% NaOH was added to the reaction vessel and allowed to
react at 95° C. for 2 hours while being agitated using a
spinning blade agitator unit at 80 rpm. Following the saponi-
fication reaction, several 100-300 g samples of the saponi-
fied material was taken in triplicate and fully acidulated
using sulfurinc acid to determine maximum TFA of wet
saponified soapstock for use in subsequent mass balance
calculations. It was determined that the average wet TFA
content of the saponified soapstock was 19.5%.

Acidulation:

The saponified soapstock material was acidulated in six
separate aciduation steps using 300 psig CO2 and agitated at
80 rpm. Each acidulation reaction was allowed to progress
for 10-30 minutes, after which point 2-3 gallons of saturated
sodium sulfate brine was added to the reaction vessel and
agitated for 2 minutes. The mixture was allowed to settle for
10-20 minutes, after which point the aqueous phase was
drained and the fatty phase was collected. Table 3 summa-
rizes the results of the acidulation reactions as determined by
characteristics of the aqueous phases removed after each

reaction.
TABLE 3
Summary results of acidulation reactions
Reaction Weight of aqueous Total Dissolved
No. pH phase (lbs) Solids (%)
1 8.55 232 25
2 7.82 363 7
3 7.67 476 3
4 7.11 539 1
5 6.79 596 0.5
6 5.98 537 0.5

Following the sixth acidulation reaction, the fatty phase
comprised 3% unreacted soaps. Therefore, 0.5 kg sodium
bisulfate was added to the fatty chase to reduce the unreacted
soap content to 0%.

Example 3: Electrolysis of Lipid Phase from
Acidulation Reaction

Materials: Two one liter working solutions in 2 L glass
beakers with stirbars on 1000 W hotplates being recirculated
by constant flow rate peristaltic pumps @ 60° C. (anolyte is
saturated aqueous sodium sulfate and catholyte is 10 wt %
sodium hydroxide); 5 cm2 Nafion 115 membrane, PVC
body and tubing, 6"x1" DSA, 6"x1" Monel 400 cathode.

Using 0-30 V 0-20 A DC power supply, turn power supply
on to provide constant amperage of 3 A to electrodes in PVC
system. Pump anolyte and catholyte around with their
respective peristaltic pumps at 750 ml./min and heat both to
60° C. Reduce anolyte (side with Na2SO4 solution) pH to
about 3 to 3.5 before slowly adding enough saponified
soapstock to increase pH of anolyte to 5. Stop addition of
saponified soapstock and allow electrochemical cell to
reduce anolyte pH back to about 3 to 3.5 before adding more
saponified soapstock. Halt cycle once 60 minutes of run time
has been reached and perform lig-liq extraction of floating
fatty material with nonpolar solvent. Rotovap the solvent
from crude fatty phase to obtain anhydrous material for
characterization.
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Result: 12 g fatty material, 1 wt % soap, 99 wt % FFA via
titration.

Total energy usage: 1740 kWhr/metric ton FFA produced.

While the forgoing written description of the invention
5 enables one of ordinary skill to make and use what is
considered presently to be the best mode thereof, those of
ordinary skill will understand and appreciate the existence of
variations, combinations, and equivalents of the specific
embodiments, methods, and examples herein. The invention
should therefore not be limited by the above described
embodiments, methods and examples, but by all embodi-
ments and methods within the scope and spirit of the
invention.

What is claimed is:

1. A method for generating free fatty acids from a mixed

lipid feedstock, the method comprising:
(a) providing the mixed lipid feedstock;
(b) combining the mixed lipid feedstock with a base to
form a first mixture;
(c) allowing the first mixture to react with the base in a
reaction vessel to form a first reacted mixture, thereby
generating a first reaction product comprising a plural-
ity of soaps;
(d) () introducing carbon dioxide into the first reacted
mixture of (¢) in the reaction vessel to form a first
carbonic acid within the reaction vessel,
(i1) introducing an organic or inorganic acid into the
first reacted mixture of (c) in the reaction vessel,
(iii) introducing a carbonic acid into the first reacted
mixture of (c) in the reaction vessel, or

(iv) introducing a combination of an organic or inor-
ganic acid and carbon dioxide into the first reacted
mixture of (c) in the reaction vessel;

(e) mixing or agitating the first carbonic acid or the
organic or inorganic acid and the first reacted mixture
within the reaction vessel to form a second reacted
mixture, thereby acidulating the plurality of soaps and
generating a second reaction product comprising a
plurality of free fatty acids;

() allowing the first carbonic acid and the second reacted
mixture to settle within the reaction vessel, allowing for
the formation of a lipid layer and a first aqueous layer,
wherein the lipid layer comprises the plurality of free
fatty acids and any non-acidulated soaps, and the first
aqueous layer comprises water, and glycerol if glycer-
ides were present in the mixed lipid feedstock, and
phosphate salts if phospholipids were present in the
mixed lipid feedstock; and

(g) separating (i) the first aqueous layer from the reaction
vessel, optionally draining the first aqueous layer from
a bottom of the reaction vessel; or (ii) the lipid layer
from the first aqueous layer,

wherein optionally the separating is by centrifugation,
filtration or water washing.

2. The method of claim 1, further comprising filtering the

55 first aqueous layer using a size exclusion filtration system,

wherein optionally the filtering step further comprises a
filter having a membrane having a plurality of pores,
said pores allowing residual, unreacted soaps after
acidulation and phosphates to pass through said mem-
brane of said filter,

and optionally the filtering step further comprises a filter
having a membrane, said membrane allowing particles
having a molecular weight less than a molecular weight
of a salt,

and optionally the filtering step further comprises main-
taining a pH of the first aqueous layer between about 6
and 11,
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and optionally the filtering step further comprises main-
taining a pressure of the first aqueous layer between
about 50 and 800 psi,

and optionally the filtering step further comprises main-
taining a temperature of the first aqueous layer between
about 23° C. and 100° C.

3. The method of claim 1, further comprising

an electrolysis step wherein the lipid layer comprising
unreacted, non-acidulated soaps is transferred to an
electrolysis unit wherein the unreacted, non-acidulated
soaps in the lipid phase are reacted with an anolyte to
generate free fatty acids,

wherein optionally the anolyte comprises an added
anolyte, and optionally the added anolyte comprises a
sodium salt, and optionally the sodium salt comprises
a sodium sulfate.

4. The method of claim 1, wherein:

(a) the carbon dioxide is introduced as a gaseous flow of
carbon dioxide into the reaction vessel, or

(b) the carbon dioxide is introduced as a gaseous flow of
carbon dioxide into water and the water is introduced to
the reaction vessel.

5. A method for generating free fatty acids from a mixed

lipid feedstock, the method comprising:

providing the mixed lipid feedstock;

combining the mixed lipid feedstock with a base to form
a first mixture;

allowing the first mixture to react in a reaction vessel to
form a first reacted mixture, thereby generating a first
reaction product comprising a plurality of soaps;

introducing carbon dioxide into the first reacted mixture
in the reaction vessel to form a first carbonic acid
within the reaction vessel;

mixing the first carbonic acid and the first reacted mixture
within the reaction vessel to form a second reacted
mixture, thereby acidulating the plurality of soaps and
generating a second reaction product comprising a
plurality of free fatty acids;

allowing the first carbonic acid and second reacted mix-
ture to settle within the reaction vessel, allowing for the
formation of a lipid layer and a first aqueous layer,
wherein the lipid layer comprises the plurality of free
fatty acids and any non-acidulated soaps, and the first
aqueous layer comprises water, and glycerol if glycer-
ides were present in the mixed lipid feedstock, and
phosphate salts if phospholipids were present in the
mixed lipid feedstock;

draining the first aqueous layer from the reaction vessel;

collecting the first aqueous layer; and

treating the collected first aqueous layer with calcium
oxides, magnesium oxides, barium oxides, or other
polyvalent oxides.

6. The method of claim 5, further comprising:

(a) oxidizing the treated collected first aqueous layer; or

(b) an electrolysis step wherein the lipid layer comprising
unreacted, non-acidulated soaps is transferred to an
electrolysis unit wherein the unreacted, non-acidulated
soaps in the lipid layer are reacted with an anolyte to
generate free fatty acids.

7. A method for generating free fatty acids from a mixed

lipid feedstock, the method comprising:

providing the mixed lipid feedstock;

combining the mixed lipid feedstock with a base to form
a first mixture;
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allowing the first mixture to react with the base in a
reaction vessel to form a first reacted mixture, thereby
generating a first reaction product comprising a plural-
ity of soaps;

combining the first reacted first mixture with an organic or
inorganic acid, thereby acidulating the plurality of
soaps in the first reacted mixture to generate a second
reacted mixture comprising a plurality of free fatty
acids;

separating a first aqueous layer from the reaction vessel,
optionally draining the first aqueous layer from the
bottom of a reaction vessel;

combining the generated free fatty acids with an alcohol
to form a second mixture; and

heating and pressurizing the second mixture to above the
critical temperature and pressure of the alcohol, thereby
esterifying substantially all of the free fatty acids to
generate fatty acid alkyl esters.

8. The method of claim 7 further comprising:

(a) an electrolysis step wherein a lipid phase is transferred
to an electrolysis unit wherein any unreacted soaps in
the lipid phase are reacted with an anolyte to generate
free fatty acids,

wherein optionally the organic acid is carbonic acid, and
optionally the carbonic acid is generated by adding
carbon dioxide to the first product mixture, thereby
causing the carbon dioxide to react with the water in the
first product mixture to form a first carbonic acid; or

(b) introducing carbon dioxide into the first reacted mix-
ture in the reaction vessel to form a second carbonic
acid within the reaction vessel;

mixing the second carbonic acid and the first reacted
mixture within the reaction vessel to acidulate the
plurality of soaps to form a second reacted mixture;

allowing the second carbonic acid and second reacted
mixture to settle within the reaction vessel; and

draining a second aqueous layer from the reaction vessel.

9. A method for generating free fatty acids from a mixed

lipid feedstock, the method comprising:

a) providing the mixed lipid feedstock;

b) combining the mixed lipid feedstock with a base to
form a first mixture;

c¢) allowing the first mixture to react with the base in a
reaction vessel to form a first reacted mixture, thereby
generating a first reaction product comprising a plural-
ity of soaps;

d) introducing carbon dioxide into the first reacted mix-
ture in the reaction vessel to form a first carbonic acid
within the reaction vessel;

e) mixing the first carbonic acid and the first reacted
mixture within the reaction vessel to form a second
reacted mixture, thereby acidulating the plurality of
soaps and generating a second reaction product com-
prising a plurality of free fatty acids;

1) allowing the first carbonic acid and the second reacted
mixture to settle within the reaction vessel;

g) draining a first aqueous layer from the reaction vessel;

h) removing a generated lipid layer from the reaction
vessel; and

1) repeating steps a) through h) above up to 8 times using
the generated lipid layer from the reaction vessel as the
mixed lipid feedstock for step a).

10. The method of claim 9 further comprising adding a

65 salt to the generated lipid layer prior to any of the reactions.

11. The method of claim 10 wherein the salt is sodium

chloride.
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12. The method of claim 9 further comprising adding
sodium bisulfate to the generated lipid layer produced in any
of the one or more reactions.

13. A method for generating an animal feed additive from
a mixed lipid feedstock, the method comprising:

providing the mixed lipid feedstock;

combining the mixed lipid feedstock with a base to form
a first mixture;

allowing the first mixture to react with the base in a
reaction vessel to form a first reacted mixture, thereby
generating a first reaction product comprising a plural-
ity of soaps;

introducing carbon dioxide into the first reacted mixture
in the reaction vessel to form a first carbonic acid
within the reaction vessel;

mixing the first carbonic acid and the first reacted mixture
within the reaction vessel to form a second reacted
mixture, thereby acidulating the plurality of soaps and
generating a second reaction product comprising a
plurality of free fatty acids;

allowing the first carbonic acid and second reacted mix-
ture to settle within the reaction vessel;

separating or draining a first aqueous layer from the
reaction vessel; and

concentrating the first aqueous layer to generate a sodium
bicarbonate product.

14. The method of claim 13 wherein the concentration
step further comprising using evaporation, fluidized bed
drying, rotary drum drying, lyophilization, spray drying and
reverse 0Osmosis.

15. A method for generating free fatty acids from a mixed
lipid feedstock, the method comprising:

(a) providing the mixed lipid feedstock;

(b) combining the mixed lipid feedstock with a base to

form a first mixture;

(c) allowing the first mixture to react with the base in a
reaction vessel to form a first reacted mixture, thereby
generating a first reaction product comprising a plural-
ity of soaps; and

(d) transferring the first reaction product comprising the
plurality of soaps to an electrolysis step, wherein the
plurality of soaps are reacted with an anolyte to gen-
erate free fatty acids,

wherein optionally the anolyte comprises an added
anolyte, and optionally the added anolyte comprises a
sodium salt, and optionally the sodium salt comprises
a sodium sulfate.

16. A method for generating free fatty acids from a mixed

lipid feedstock, the method comprising:

providing the mixed lipid feedstock;

combining the mixed lipid feedstock with a base to form
a first mixture;
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allowing the first mixture to react with the base in a
reaction vessel to form a first reacted mixture, thereby
generating a first reaction product comprising a plural-
ity of soaps;

introducing carbon dioxide into the first reacted mixture
in the reaction vessel to form a first carbonic acid
within the reaction vessel;

mixing the first carbonic acid and the first reacted mixture
within the reaction vessel to form a second reacted
mixture, thereby acidulating the plurality of soaps and
generating a second reaction product comprising a
plurality of free fatty acids,

depressurizing the reaction vessel, thereby allowing for
the first carbonic acid to separate out of the solution as
gaseous CO2, and optionally the separated out gaseous
CO2 is captured and recycled for use, optionally for use
in a further acidulation step.

17. The method of claim 1, further comprising concen-

trating the first aqueous layer,

wherein optionally the concentration step further com-
prises: (1) maintaining a pH of the first aqueous layer
between about 6 and 11; (ii) maintaining a pressure of
the first aqueous layer between about 0 and 800 psi;
and/or (iii) maintaining a temperature of the first aque-
ous layer between about 23 and 100° C.

18. The method of claim 1, further comprising combining
the generated free fatty acids with an alcohol to form a
second mixture; and heating and pressurizing the second
mixture to above the critical temperature and pressure of the
alcohol, thereby esterifying substantially all of the free fatty
acids to generate fatty acid alkyl esters.

19. The method of claim 1, further comprising combining
generated free fatty acids with an alcohol to form a second
mixture; and reacting the second mixture to form a fatty
alkyl ester.

20. The method of claim 1, further comprising using a
catalyst to cause the reaction of the mixed lipid feedstock
with the base, wherein optionally the catalyst is an acid
catalyst.

21. The method of claim 1, further comprising removing
generated free fatty acids from neutral lipids; and reacting
the neutral lipids to form a fatty alkyl ester, and optionally
further comprising using a catalyst to cause the reaction,
wherein optionally the catalyst is a base catalyst.

22. The method of claim 1, wherein steps (a) to (g) take
place as a batch or a continuous process.

23. The method of claim 1, further comprising separating
the plurality of soaps after step (c) from other first reaction
product ingredients, wherein optionally the separation is by
centrifugation, filtration or water washing.

24. The method of claim 1, further comprising separating
any residual soaps after the acidulation step by centrifuga-
tion, filtration or water washing.
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